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HIGHLIGHTS 


• Torrefaction was performed in a pilot-scale rotary kiln. 

• The temperature of flue gas torrefaction for cedarwood should not higher than 260 °C. 

• The flue gas had a greater influence on the properties of the torrefied biomass. 

. The torrefied samples had similar combustion characteristics to lignite. 
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Torrefaction of cedarwood was performed in a pilot-scale rotary kiln at various temperatures (200, 230, 
260 and 290 °C). The torrefaction properties, the influence on the grindability and hydroscopicity of the 
torrefied biomass were investigated in detail as well as the combustion performance. It turned out that, 
compared with raw biomass, the grindability and the hydrophobicity of the torrefied biomass were sig¬ 
nificantly improved, and the increasing torrefaction temperature resulted in a decrease in grinding 
energy consumption and an increase in the proportion of smaller-sized particles. The use of industrial 
flue gas had a significant influence on the behavior of cedarwood during torrefaction and the properties 
of the resultant solid products. To optimize the energy density and energy yield, the temperature of tor- 
refaction using flue gas should be controlled within 260 °C. Additionally, the combustion of torrefied 
samples was mainly the combustion of chars, with similar combustion characteristics to lignite. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass was the only renewable energy source that could be 
converted into chemicals and fuels through biochemical and ther¬ 
mochemical processes (Zheng et al„ 2012). However, it had some 
fatal weaknesses such as being difficult to store, transport and 
grind, possessing a high moisture content and low energy density, 
all of which limited the large-scale application of biomass (Chen 
and Kuo, 2011 ). To surmount these disadvantages, a new pretreat¬ 
ment process called torrefaction had been developed (Chen and 
Kuo, 2011; Park etal., 2012). 
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Torrefaction was a mild thermal pretreatment process that 
occurred below 300 °C in a reduced or oxygen-free environment 
(Prins et al„ 2006). Dehydration, dehydroxylation and decarboxyl¬ 
ation reactions occurred during torrefaction, resulting in a lower 
O/C ratio and H/C ratio compared to the original biomass, in turn 
resulting in a higher energy density (Arias et al„ 2008; Chew and 
Doshi, 2011; Van der Stelt et al., 2011). The removal of the hydro¬ 
xyl group during thermal treatment also led the biomass to a 
hydrophobic condition (Bourgois et al., 1989; Kim et al., 2012; 
Kobayashi et al., 2008). Acharjee et al. (Acharjee et al., 2011) mea¬ 
sured the equilibrium moisture content (EMC) of raw and torr¬ 
efied biomass at relative humidities ranging from 11% to 97% at 
a constant temperature of 30 °C. The results showed that the 
EMC of pretreated biomass was much lower than that of raw bio¬ 
mass, indicating that pretreated biomass possessed a greater 
hydrophobicity. Arias et al. (Arias et al., 2008) and Deng et al. 
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(Deng et al., 2009) confirmed that torrefaction could improve the 
grindability of biomass, and the energy consumption during mill¬ 
ing was three to seven times lower than that of raw materials. 
Torrefied samples were therefore more advantageous than raw 
biomass in terms of grinding, transportation, storage and feeding. 
Fisher et al. (Fisher et al., 2012) discussed the combustion charac¬ 
teristics of chars from raw and torrefied biomass, and determined 
that torrefaction was an attractive pretreatment technology prior 
to combustion. Nevertheless, most recent researches were based 
on the laboratory-scale torrefaction in an inert atmosphere. 

It was well accepted that new processes or technologies needed 
to be trialed at the pilot scale before industrial application, 
however the large-scale use of inert gas was neither realistic nor 
economical, and thus many researchers had attempted to find an 
effective substitute. Uemura et al. (Uemura et al., 2013) pointed 
out that if it were possible to use flue gas from burners as a carrier 
gas and heat source, the process of torrefaction would become 
more economically viable. As the source of waste heat, the temper¬ 
ature of flue gas fluctuated in the range of 160-350 °C (Zhou et al., 
2013). Because of this encompasses the temperature range of 
torrefaction it would be suitable as a heat source for the process, 
however, the amount of oxygen in flue gas ranged from 2% to 6% 
(Haryanto and Hong, 2011), and whether the presence of oxygen 
was suitable for torrefaction or not was still in question. Wang 
et al. (Wang et al., 2013) investigated the oxidative torrefaction 
of sawdust with a carrier gas containing 3-6% 0 2 in a TGA and a 
fluidized bed reactor, and concluded that using oxygen-laden com¬ 
bustion flue gases as carrier gases for the torrefaction of biomass 
was feasible. Despite this, only a few studies had attempted to ana¬ 
lyze the properties of the products of torrefaction performed under 
oxygenated conditions (Chen et al., 2013; Rousset et al., 2012; 
Tapasvi et al., 2013; Uemura et al., 2013; Wang et al., 2013), and 
no literature had investigated pilot-scale torrefaction using flue 
gas. In this context, torrefaction in both flue gas and N 2 atmo¬ 
spheres was conducted in a pilot scale rotary kiln. In addition, 
the mass yield, energy yield, grindability, hydroscopicity and com¬ 
bustion performance of torrefied cedarwood at four temperatures 
of 200, 230, 260, 290 °C were investigated. 


2. Methods 

2.1. Materials 

The raw material, cedarwood, was acquired from central China. 
The moisture content was 18.6 wt% (as received basis). The cedar¬ 
wood was ground without drying by a commercial wood grinder 
(HJF800, Huijie Machine Corp., China) with a power of 37 kW, 
and the maximum size of the ground powder was 20 mm in nom¬ 
inal diameter. It was then used for the torrefaction experiment in 


the pilot scale rotary kiln. The proximate and ultimate analyses 
and the gross calorific value were shown in Table 1. 

2.2. Torrefaction experiment 

A pilot-scale rotary kiln was used for the torrefaction as shown in 
Fig. 1 . It consisted of a ceramic tube (190 mm ID and 1.5 m long) with 
an electrical heater. The tube was heated up to the preset tempera¬ 
tures (200,230,260 or 290 °C), and when the temperature was sta¬ 
ble, the ground sample was fed into the tube by the auger feeder, 
then the sample was tumbled and heated with the rotation of the 
kiln. The feeding rate (FR) and the residence time (RT) were con¬ 
trolled by the rotate speed of auger and kiln respectively. In this 
experiment, the FR was set as 3 kg h 1 and the RT was 50 min. Flue 
gas (FG) was synthesized by a mixture of 6 vol.% 0 2 ,10 vol.% C0 2 and 
84 vol.% N 2 , which provided the oxygenated atmosphere for torre¬ 
faction. Before the samples were delivered into the reactor, FG or 
N 2 would be applied to the tube for 30 min at 5 LPM to purge the 
air out and create the stable torrefaction atmosphere (flue gas or N 2 ). 

2.3. Sample analysis and torrefaction yields 
2.3.1. Sample analysis 

The raw and torrefied materials were analyzed through proxi¬ 
mate, ultimate and calorific analyses. The proximate analysis was 
performed in accordance with the standard procedure of the Amer¬ 
ican Society for Testing and Materials (ASTM). The ultimate analy¬ 
sis was carried out by using an EL-2 CHN elemental analyzer 
(Vario, Germany), and the oxygen content was obtained by differ¬ 
ence. The higher calorific values of samples were measured with a 
bomb calorimeter (Parr 6300, America). Combustion of biomass 
samples (including the raw sample and eight torrefied samples) 
was performed in a thermogravimetric analyzer (STA449F3, NET- 
ZSCH). 10 mg of sample (<425 pm) was placed in an A1 2 0 3 ceramic 
pan, and heated from room temperature to 900 °C at 15 °C min 1 
under an air flow rate of 100 ml min -1 . 


2.3.2. Torrefaction yields 

To measure the yield of torrefaction, the mass and energy yields 
were calculated on a dry basis (d), and defined by Eqs. (1) and (2) 
respectively (Bridgeman et al., 2008). 


Mass yield (y m ) = 


Mass (d) of torrefaction biomass 
Mass (d) of raw biomass 
x 100% 


( 1 ) 


Energy yield (y e ) 


Higher calorific value (d) of torrefaction biomass 
Higher calorific value (d) of raw biomass 

xy m 


( 2 ) 


Proximate analysis and ultimate analysis of raw and torrefied cedarwood. (Raw, N 2 -200, FG-200 represent the unprocessed sample and torrefied samples under atmospheres of 
nitrogen (N 2 ) and flue gas (FG) at 200 °C respectively.) 


Samples Proximate analysis/d% 


Ultimate analysis/d% 


V A FC C H N S O a 


Raw 85.49 1.72 

N 2 -200 84.63 1.64 

N 2 -230 83.04 1.87 

N 2 -260 81.26 1.58 

N 2 -290 74.60 2.38 

FG-200 69.71 1.96 

FG-230 66.13 1.42 

FG-260 58.48 1.69 

FG-290 57.75 2.24 


12.79 45.14 6.34 

13.73 47.66 5.68 

15.09 48.82 5.49 

17.16 52.17 5.21 

23.02 54.30 4.99 

28.33 53.74 4.48 

32.45 55.28 4.12 

39.83 56.13 4.01 

40.01 56.55 3.97 


0.26 0.29 46.25 

0.5 0.31 44.21 

0.48 0.37 42.97 

0.7 0.41 39.93 

0.83 0.43 37.07 

0.31 0.45 39.06 

0.57 0.41 38.20 

0.48 0.42 37.27 

0.55 0.37 36.32 


HHV d /(MJ/kg) 


18.13 
19.02 
19.35 
20.56 

21.25 
20.66 
20.96 

21.14 

22.25 


The oxygen 


: calculated by difference. 
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Temperature control unit 



2.4. Grinding energy and grindability test 


2.5. Moisture adsorption test 


The energy consumption for grinding pellets was determined by 
a commercial gyratory crusher (SZ-1100B-3, Shangzhu Corp., 
China) with a power of 2.5 kW. The specific operation procedure 
was described as follows. Approximately 180 g sample was put 
into the crusher and then ground for about 30 s, in which the 
power consumption was recorded with a watt hour meter. The 
crushed sample particles were placed in a vibration screening 
device with three different sieves of 250, 425 and 850 mm. When 
there was no obvious weight change on each sieve the power con¬ 
sumption, particle size distribution were recorded. Kim et al. (Kim 
et al., 2012) also used this method to study the grinding character¬ 
istic of torrefied biomass. 

At present, there were two main methods to determine the 
grindability of biomass. One was to determine the value of the 
Hardgrove Grindability Index (HG1) through the Hardgrove Grinda¬ 
bility Machine (Bridgeman et al., 2010; Ohliger et al., 2013), while 
the other was to test the crushed sample particle size and particle 
size distribution following the Standard ANSI/ASAE S319 (Alias 
et al., 2008; Phanphanich and Mani, 2011). The HGI was, however, 
designed for measuring the grindability of coal (Shahzad et al„ 
2014), which differed from the biomass in properties such as the 
density, the volatile matter content, and the content of mineral 
matter. It was also inappropriate to decide the grindability solely 
according to the particle size distribution; after all, the energy con¬ 
sumption was different in the same time period when grinding the 
raw and torrefied samples. In order to take into account both the 
energy consumption and particle size distribution when grinding 
biomass, the comprehensive index of power consumption (CIPC) 
was defined as follows: 


"(d 2 + d 3 )/2 T 


The moisture sorption characteristics of raw and torrefied 
cedarwood were measured by humidity equipment (Model HWS- 
150, Senxin Corp., China) at a constant temperature of 30 °C and 
50% relative humidity. Before testing, the biomass sample was 
ground to a particle size less than 425 pm and was dried overnight, 
biomass sample (~1 g) of was placed in a glass weighing boat 
(70 mm x 35 mm) and it was placed in the incubator at the preset 
temperature and humidity, and the biomass sample begun to 
adsorb water gradually. The weight of the sample boat along with 
the sample was measured and recorded every 30 min until the 
weight difference among three consecutive measurements was 
less than 1 mg, indicating that the water adsorption in the biomass 
particles had reached the equilibrium state. In order to ensure high 
accuracy, the sample moisture readings were measured in tripli¬ 
cate, and the relative error was kept within 3%. 

3. Results and discussion 

The properties of the torrefied cedarwood, such as those deter¬ 
mined by proximate, ultimate, and calorific analyses, were summa¬ 
rized in Table 1 . As the torrefaction temperature increased, there 
would be an obvious increase in carbon content and a reduction 
in oxygen content compared to the raw samples. At 290 °C, the 
O/C ratio of both the N 2 torrefied and FG torrefied samples 
decreased significantly from 1.02 to 0.73 and 0.64 respectively. 
That the same trend in the O/C ratio variation was visible indicates 
that the deoxygenation of cedarwood might be the primary reac¬ 
tion during torrefaction, whether in an N 2 or FG atmosphere. The 
greater decrease in the O/C ratio of the FG torrefied sample might 
be attributed to the heat evolved out from the oxidation reactions 
of biomass intensifying the decomposition reaction, resulting in 
many more hydrogen- and oxygen-bearing compounds, such as 
C0 2 , CO and H 2 0, being removed. 


where M is the sample weight (kg), d n is the particle size of the 
grinding sample (pm), a n is the mass fraction of the grinding sample 
between d n and d n+1 (%), and d„ >- d„+i, Q is the energy consumption 
of grinding (kW h), D/ is the target size (pm), taken by this paper to 
be 500 pm. The physical meaning of the CIPC can be described thus: 
for the process of grinding, the CIPC is the weight of products with a 
particle size less than a specified target size when consuming a cer¬ 
tain amount of electricity. 


3.1. Torrefaction yields 

Fig. 2 showed the mass yield and energy yield of torrefied 
cedarwoods under different torrefaction conditions. The yields of 
the torrefied cedarwoods were strongly dependent on the torrefac¬ 
tion temperature and atmosphere. As shown in Fig. 2, the mass 
yield and energy yield of the N 2 torrefaction samples were higher 
than those of the FG torrefaction samples, suggesting that 
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oxidation reactions occurred during the process of FG torrefaction, 
causing more mass and energy loss in comparison with that from 
N 2 atmosphere. However, the energy yield was higher than the 
mass yield for all samples, indicating that torrefaction improved 
the energy density, and the measurements of higher heat value 
(HHV, shown in Table 1 ) conformed to this trend. When the torre¬ 
faction temperature increased from 200 to 230 °C, no noticeable 
change showed for the mass yield resulting from FG torrefaction, 
while it decreased by 5.61% and 7.03% respectively compared to 
the sample that underwent N 2 torrefaction. However, as the tem¬ 
perature rose above 260 °C, the mass yield decreased rapidly by 
27.6%, while the torrefaction temperature was increased to 
290 °C. This indicated that the temperature had an important effect 
on the mass yield of torrefaction at 200 and 260 °C, whilst the oxy¬ 
gen content of the atmosphere significantly affected the mass yield 
when the temperature of torrefaction was above 260 °C. These 
results were consistent with the inferences of Rousset et al. 
(Rousset et al„ 2012). 

From Fig. 2, it was also seen that the energy yield did not vary 
between the two torrefaction atmospheres at lower temperatures 
(200 and 230 °C), however when the temperature increased from 
260 to 290 °C, the energy yield of FG torrefaction decreased from 
80.4% to 56.1%, which were lower than 90.9% and 63.6% of those 
from N 2 torrefaction respectively. This might be attributed to the 
fact that surface oxidation played an important role at higher tem¬ 
perature. Although high temperature torrefaction showed many 
benefits, but higher energy lost, a higher torrefaction temperature 
did not necessarily produce a better result in the point view of 
higher energy yield. In consideration of the optimization of energy 
density and energy yield, the preferred temperature of FG torrefac¬ 
tion should not exceed 260 °C. 


3.2. Grindability analysis 

Fig. 3a showed the mass percentage of four ranges of particle 
size before and after torrefaction in an N 2 atmosphere. For the size 
category >850 pm, the mass percentage decreased with increasing 
temperature, while it increased with the size category <250 pm, 
however there was no evident change for the size categories of 
250-425 and 425-850 pm. The results showed that the torrefac¬ 
tion temperature played an important role in the particle size 
distribution, and that the higher the torrefaction temperature, 
the greater the proportion of smaller particles. 

Fig. 3b showed the size distribution of the particles before and 
after torrefaction in an FG atmosphere. The proportion of smaller 
particles was greater and the size ranged relatively uniform com¬ 
pared to torrefaction in an N 2 atmosphere. This might be attributed 
to the oxidation reaction of hemicellulose and cellulose in addition 
to the decomposition reaction, which destroyed the structure of 



Fig. 3. Diagram of particle size distribution of raw and torrefied biomass: (a) 
torrefaction in N 2 atmosphere; (b) torrefaction in FG atmosphere. 


long crystalline cellulose fibers intertwined with non-crystalline 
hemicelluloses (Tooyserkani et al., 2013). 

Table 2 showed a comparison of the CIPC between raw biomass 
and torrefied biomass. The value of the CIPC increased with 
increasing torrefaction temperature, and a linear increase was dis¬ 
played from raw biomass to N 2 -230 torrefied biomass, from 37.14 
to 57.85 kg/kWh, followed by slower growth from 61.72 to 
63.44 kg/kW h, indicating that the temperature had a greater effect 
on grindability at low temperature (^260 °C) than at high temper¬ 
ature (>260 °C). The increase in the value of the CIPC meant that 
the energy consumption for the smashing of torrefied biomass 
was reduced to 55-80% of that of raw biomass. Similar results 
had also been observed by others (Bergman et al., 2004; 
Bergman and Kiel, 2005). 

The CIPC for the FG torrefied biomass also improved, and there 
was a constant linear trend, indicating that the temperature played 
an important role on grindability across the whole torrefaction 


Table 2 

CIPC and EMC of raw and torrefied cedarwood. 

Samples CIPC (kg/kW h) EMC (% d.b. a ) 

Raw 37.14 10.61 

N 2 -200 47.71 9.26 

N 2 -230 57.85 9.05 

N 2 -260 61.72 8.54 

N 2 -290 63.44 8.84 

FG-200 60.83 7.81 

FG-230 66.86 6.34 

FG-260 70.51 6.18 

FG-290 75.88 5.97 


a d.b. is dry basis. 
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temperature range. From Table 2, it was also clear that the value of 
the CIPC for FG torrefied biomass was much larger than that for N 2 
torrefied biomass when subjected to the same torrefaction temper¬ 
ature, which could possibly be attributed to the fact that, via oxida¬ 
tion reactions, parts of the lignin and cellulose were decomposed, 
destroying the internal carbon skeleton structure and improving 
the brittleness of the biomass. 

3.3. Hydroscopicity analysis 

The effects of torrefaction temperature and atmosphere on the 
rate of moisture sorption by raw and torrefied cedarwood were 
shown in Fig. 4. It clearly revealed that the water absorption of 
each sample presented a trend that it increased rapidly in the 
incipient stage and slower in the later stage. The reason was that 
relatively easy modes of water absorption, such as block-shaped 
water absorption and capillary water absorption, dominated the 
water absorption process in the incipient stage, but in the later 
stage the water absorption was controlled by the combination of 
oxygen with hydrogen, which the oxygen was from oxygen- 
containing functional groups on the biomass surface and the 
hydrogen was from water. It was belonged to chemical adsorption, 
hence the speed was much slower (Wang, 2007). 

Table 2 depicted the equilibrium moisture content (EMC) of the 
raw and torrefied biomass at relative humidity of 50%. According to 
Table 2, the EMC decreased with torrefaction temperature rising. 
However, what was surprising was that the EMC for N 2 torrefaction 
torrefied particles generating at 260 °C, but not 290 °C, showed the 
lowest EMC of approximately 8.5% (d.b.). It might further confirm 
that the optimum temperature for cederwood torrefaction was 
260 °C, which was consistent with the result observed from the 
particle size distribution. In comparison with N 2 torrefaction, the 
value of the EMC for biomass derived from FG atmosphere reduced 
by 15-25%, it might be the oxidation reactions which destroyed the 
original pore structure of the biomass. 

3.4. Combustion of torrefied samples 

Fig. 5 showed the curve of mass loss rate as function of temper¬ 
ature for torrefied cedarwood particles in air. Two distinct peaks 
were showed clearly on DTG curve, which corresponded to the 
combustion of volatiles and fixed carbon respectively. For raw 
biomass, the value of mass loss rate increased greatly with temper¬ 
ature increasing (>200 °C), and reached the peak value (0.059%/°C) 
at -325 °C as volatile cracked and evolved out. However it 
decreased quickly as volatile degradation mainly finished when 
temperature over 400 °C. Meanwhile, the mass loss rate increased 
further with temperature rising up further, it was mainly char 
combustion. 



Time(min) 


Fig. 4. Moisture adsorption curves of raw and torrefied biomass at 50% relative 
humidity. 



(a) 



in N 2 atmosphere; (b) torrefaction in FG atmosphere. 


Fig. 5a showed that the peak weight loss rate in the first stage 
decreased from 0.058%/°C to 0.430%/°C with the torrefaction tem¬ 
perature rising, and the corresponding temperature peak reached 
from 330 to 354 °C, which was due to the selective decomposition 
of hemicellulose, cellulose and lignin during torrefaction 
(Pohlmann et al., 2014; Yang et al., 2007), or might for the reason 
that torrefaction reduced the activity in the first stage of combus¬ 
tion. In the second stage, the peak weight loss rate presented the 
opposite trend compared with the peak value in the first stage. 
The temperature peaks of the torrefied samples were elevated 
compared to the raw sample, and increased with the increasing tor- 
refaction temperature, identical to the trend in the first stage, indi¬ 
cating that the torrefied samples had lower combustion activity. It 
had been noted that, due to volatiles released during torrefaction, 
the structures of chars would be more close-grained than those of 
chars produced from raw biomass (Fisher et al„ 2012). 

For biomass torrefied in flue gas, similar combustion behavior 
showed with that of samples derived from N 2 atmosphere when 
torrefaction temperature lower than 230 °C, the weight loss rate 
of volatile decreased slightly, but char combustion rate increased 
gently. Fig. 5b indicated that with torrefaction temperature 
increasing further to 260 °C or over, the mass loss rate changed 
dramatically, the mass loss rate of volatile depleted quickly and 
only one shoulder peak left for volatile, and totally disappeared 
for that derived from 290 °C. This suggested that the oxidation 
reaction consumed an increasing quantity of volatiles with the ris¬ 
ing torrefaction temperature, and the torrefied biomass in an FG 
atmosphere displayed similar combustion behavior to lignite (Liu 
and Balasubramanian, 2013; Park et al., 2012), making it a poten¬ 
tial candidate for co-firing with lignite in existing lignite-fired 
power plants. The DTG curves also showed that FG torrefied cedar¬ 
wood peaked at approximately 650 °C. Chen et al. (Chen et al., 
























